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Abatract 

The  heterogeneoua  reaction  in  the  solid  phase  of  various  high  melting 
organic  substances  with  solid  oxidants  in  the  presence  of  catalysts  was  in¬ 
vestigated.  Oxidants  used  were  potassium  perchlorate,  potassium 
bromate.  potassium  nitrate,  potassium  chlorate,  potassium  iodate, 
chloranil  and  selenium  dioxide.  The  substrates  used  were  polycyclic 
aromatic  compounds  and  polymers,  in  particular  a  co -polymer  of 
£'-divinylbenzene  and  ^-ethylstyrene.  A  large  number  of  high-melting 
substances,  e.g.  Inorganic  salts,  oxides  and  metal  powders  were  tried 
as  catalysts  for  the  reaction. 

It  was  found  that  as  a  rule  i-.ewis  acids  (Al2(SO^)^,  Fe  Cl^,  etc. ) 
catalyzed  the  reaction  while  basic  substances  (Na^CO^,  LiOH,  etc.) 
inhibited  it. 

The  empirical  equation 

dx/dt  =  k  (a-x)/x^/3 

was  found  to  fit  the  kinetic  curves  for  the  catalyzed  KClO^,  KIO^  and  KBrO^ 
oxidations  of  pDVB  and  the  zero  order  equation 

dx/dt  =  k 

was  found  to  fit  the  kinetic  data  for  the  catalyzed  KClO  oxidation  of  pDVB. 
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INTRODUCTION 
(a)  Solid  State  Reactiona  in  General 

Reactions  in  the  solid  phase  were  first  observed  by  Faraday 

(7) 

and  Stodart  in  the  diffusion  in  metals  at  high  temperatures  and 

by  Spring'  '  in  the  reactions  between  inorganic  solids.  The  first 

extensive  studies  of  reactions  in  the  solid  state  were  by 
(9  57  S8) 

Tammann'  '  '  '  whose  concept  of  the  mechanism  involved 

was  a  diffusion  occurring  by  "Platzwechsel"  of  the  atoms.  He 
proposed  that  the  minimum  temperatures  at  which  this  exchange 
took  place  were  0.3Ts  for  metals,  0.5Ts  for  oxides,  salts  and 
some  silicates  and  as  high  as  0.9Ts  for  some  organic  molecules, 
where  Ts  is  the  melting  point  in  °K. 

In  the  past  50  years  intensive  investigations  have  been  carried 

(24) 

out  in  the  solid  state  as  evidenced  by  the  monographs  of  Hedvall  ' 
and  Garner^^^^ 

It  is  generally  accepted  that  solidstate  reactions  do  occur  but 
some  workers  have  disputed  that  the  mechanism  of  the  reaction  is 
directly  between  solids.  Ginstling  et  al^^^'  hold 

the  viewpoint  that  solid  state  reactions  between  powdered  solids  are 
unlikely  processes  except  at  very  high  temperatures  since  the 
contact  area  between  the  particles  pres<  uts  too  small  a  cross-section 
for  rapid  diffusion.  They  claim  that  these  so-called  solid  reactions 
occur  by  a  vaporization  mechanism. 


-  3  - 


(2) 

Borchardt'  '  developed  criteria  whereby  it  is  possible  to  de¬ 
termine  definitely  when  a  vaporization  method  cannot  be  the  principal 
mode  of  mass  transport  so  that  Ginstling's  generalization  for  these 
powder  reactions  is  questionable.  Ginstling  and  co-workers  based 
their  conclusions  on  experiments  in  which  the  conditions  were 
changteii  from  those  of  the  workers  who  proposed  a  solid  state 
mechanism  for  the  same  reactions.  Borchardt  found  that  for 

U  O.— metal  mixtures,  the  dissociation  temperature  for  U  O. 
o  o  <5  b 

was  much  higher  than  the  temperatures  used  in  the  reactions. 

Thus  if  the  only  alternative  mechanism  involves  solid  state  dif¬ 
fusion  processes  then  it  would  follow  that  the  reactions  are  truly 
in  the  solid  state. 

The  classical  studies  of  reactions  in  the  solid  state  by  Tammann 
(loc.  sit)  treated  on  the  equilibrium  conditions  involved.  The  basic 
tenet  was  that  reactions  in  the  solid  state  proceed  exothermically 
until  a  considerable  fraction  of  the  reactants  is  consumed.  Com¬ 
plete  reaction  is  difficult  to  achieve,  usually,  because  of  the  barrier 
of  the  product  layer  between  the  reactants.  Thus,  except  for  cases 
of  miscibilityof  reactants  and  product  phases,  equilibrium  is  usually 
not  possible  in  reactions  in  the  solid  state. 

Tammann  postulated  that  a  product  layer  is  formed  during  most 
solid-solid  reactions  having  a  rate  of  growth  dl/dt  ^  b/t 
where  1  is  the  thickness  of  the  product  layer, 
t  is  the  heating  time 

and  b  a  temperature -dependent  factor. 
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^29) 

Jander'  ’  developed  this  relationship  a  step  further,  giving 
the  reaction  rate  in  terms  of  rate  of  growth  of  the  produce  layer,  or 

dy/dt  =  k/y 

where  y  is  the  thickness  of  the  product  layer  between  the  two 
reactants. 

2 

The  equation  in  its  integrated  form  is  y  2kt. 

Jander  further  treated  on  the  processes  of  diffusion  in  solid 
state  reactions  when  the  reacting  systems  consist  in  mixtures  of 
fine  powders  containing  one  of  the  reactants  in  large  excess  and 
proposed  a  relationship  whereby  the  rate  constant  of  a  reaction 
is  given  by: 

where  >  fraction  of  completion  of  reaction 

and  R  -  grain  radius  of  the  minor  component  assumed 
to  be  monodisperse  and  completely  surrounded  by  the  excess 
reactant. 

The  rate  constants  determined  by  these  or  other  equations  are 
more  or  less  structure -sensitive  and  cannot  be  employed  directly 
to  establish  a  reaction  mechanism  for  two  particular  reasons.  One. 
the  phase  boundary  processes  are  complex  and  irreproducible,  and 
two,  the  participating  phase»<«re  usually  not  in  equilibrium  inter¬ 
nally.  The  state  of  solid  surfaces  and  the  degree  of  contact  between 
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them  are  eo  Irreproducible  and  vague  that  the  phase  boundary 
processes  cannot  be  controlled.  The  lack  of  internal  equilibrium 
is  due  to  lattice  disturbances  and  the  energy  required  for  their 
motion  is  lower  than  the  migration  energy  of  particles  in 
equilibrium. 

The  kinetics  of  solid  state  reactions  will  depend  on  the  diffusion 
of  the  components  and  will  be  affected  by  either  of  two  possibilities: 

(a)  The  processes  occurring  at  the  phase  boundaries  are 
infinitely  rapid  compared  with  the  diffusion  velocity  and  equilibrium 
is  constantly  established  at  the  boundaries  so  that  the  diffusion  in 
the  product  layer  is  rate -determining. 

(b)  The  processes  occurring  at  the  phase  boundaries  are  not 
infinitely  rapid  compared  with  the  diffusion  velocity  so  that  both 
the  diffusion  and  the  boundary  processes  are  rate -determining. 

Reaction  mechanisms  are  discussed,  for  the  above  reasons, 
for  solids  internally  in  equilibrium  and  the  theories  applied  there¬ 
after  to  the  reactions  of  non-equilibrium  solids.  The  mechanisms 
obtained  offer  a  qualitative  basis  for  the  understanding  of  reactions 
of  non-equilibrium  solids  (Cohn^^V 
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Mechaniima  of  roactiona  in  the  aolid  atate  have  been  atudied 
extenalvely  by  Tanunann,  by  Hedvall^^^\  by  Jander^^®'  by 
Joat'  ’  and  by  Wagner'  .  In  general  these  reactlona  are  inter¬ 
preted  aa  occurring  by  the  movement  of  l|n8  and  electrona.  The 
influence  of  diaorder  and  dislocation  is  very  greatly  stressed. 

(b)  The  decomposition  and  reactions  of  perchlorates  and 
allied  aubatancea  in  the  aolid  phase 

The  first  investigsitions  of  the  reactions  and  decompositions 

126) 

of  perchlorates  and  other  oxygen  rich  substances  by  Heinrich' 

Crespi  and  Caamano^^^,  Heertjes  and  Houtmann^^^^  Elliott^^^ 

Spice  and  Staveley^®*\  Hofmann  and  Marin^^®^  Schneider^^^^ 

Otto  and  Fry^^^^,  Kendall  and  Pucha^^^^  Marvin  and  Woolaver^**^ 
(59) 

Taradoire'  were  mainly  observations  of  the  decomposition 
points  of  the  various  substances,  their  behavior  in  the  presence 
of  combustible  substances  and  the  effect  of  foreign  ions  on  the 
decompositions. 

The  first  fully  detailed  studies  of  the  decomposition  of  perch¬ 
lorates  and  allied  substances,  including  kinetics  of  the  decom¬ 
position  were  by  Glasner  and  Simchen^^^*  Glasner  and 
Weidenfeld^^^^  and  Bircumshaw  and  Phillips^^^ 
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Bircumshaw  and  Phillips  found  the  critical  Influence  of  impurities, 
especially  kCI.  in  the  decomposition  ofKClO^.  They  state  that  the 
usual  theories  derived  for  chemical  reactions  involving  solid  decom¬ 
positions  are  Inapplicable  at  the  high  temperatures  which  lead  to  a 
molten  system  and  considerable  variation  of  experimental  results.  The 
rese(..'ches  cf  Glasner  and  Simchen  and  of  Glasner  and  Weidenfeld 
along^^same  lines  find  more  or  less  the  same  effects  due  toKCl 
and  propose  an  equation  similar  to  that  of  Prout  and  Tompkins^^^^ 

The  Prout  and  Tompkins  equation,  for  the  decomposition  of 
KMnO^  crystals,  is  a  modified  auto -catalytic  expression 

dx/dt  >  kx/a(a-x) 

Glasner  and  Weidenfeld  propose  that  in  the  decomposition  of 
potassium  chlorate,  potassium  perchlorate  is  formed  by  transfer 
of  atomic  oj^gen  from  the  chlorate  Ion  to  a  chloride  ion.  Vanden 
Bosch  and  Aten^^^^  by  labelling  isotopically  the  oxygen  of  chlorate 
found  that  this  did  not  occur. 

(20  21) 

In  the  decomposition  of  potassium  perchlorate.  Harvey  et  al'  '  ' 

found  that  chlorate  was  formed  as  an  Intermediate  which  then  decom¬ 
poses  to  chloride.  The  decomposition  of  perchlorate  is  the  rate¬ 
determining  step  as  shown  by  the  fact  that  the  concentration  of 


chlorate  remains  low. 


-  8  - 


In  tlitise  laboratories  the  reaction  of  KClO  ,  KClO.  and  KNO, 
with  various  combustible  subetancee.  with  and  without  catalysts 
has  been  studied  by  Patai  and  CO -workers^^^  Various 

mathematical  relationships  were  proposed  and  various  mechanisms 
were  postulated.  In  the  reaction  between  potassium  perchlorate  and 
carb'^n  the  empirical  rate  equation 

dx/dt  «  k  (a-x)^^  /xV3 

was  proposed^^^^  The  reaction  rate  was  found  to  be  influenced  by 

the  initial  ratio  of  the  reactants,  the  amount  of  potassium  chloride 

formed  and  the  radius  of  the  perchlorate  particles.  Petal  and 
(42) 

Rajbenbach'  '  investigated  the  effects  of  various  catalysts  on  the 
same  solid -solid  reactions  and  found  that  the  kinetics  followed  the 
Tammann  equation  dy/dt  •  k/y.  The  mode  of  action  of  the  catalysts 
was  interpreted  as  being  due  either  to  their  migration  into  the 
reacting  substances  with  consequent  weakening  of  the  valence  bonds 
of  the  reacting  atoms  (paralleling  the  effect  of  catalysts  on  the 
thermal  decomposition  of  solids)  or  to  their  participation  in  the 
transition  complex  of  the  two  reactants  with  consequent  lowering 
of  energy  of  activation  of  the  complex-formation  or  due  to  an  oxygen¬ 
carrying  role. 

(8) 

Fukushima  and  Horlbe'  '  investigated  the  mechanism  of  the 
catalytic  action  of  manganese  dioxide  on  the  decomposition  of 
potassium  chlorate  using  heavy dM^gen  as  an  isotopic  tracer.  They 
concluded  that  an  unstable  intermediate  compound  is  formed  between 
KClOj  and  MnQ^  and  that  gaseous  O  is  evolved  by  the^Bcomposition 


of  this  intermediate. 
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The  Influence  of  cetelyete  on  eolld'Solld  reactione  is  a  very 
(23) 

new  field.  Hedvnll'  '  points  out  the  recent  advances  in  the 

understanding  of  the  nature  of  catalytic  processes.  Emphasis  on 

the  mobility  of  electrons  at  surfaces  and  the  exchange  of  electrons 

at  phase  boundaries  between  catalyst  and  substrate  has  been 

maoe  In  the  most  recent  researches.  Such  treatment  of  these  pro->^ 

15) 

cesses  Is  given  by  De  Bruijn'  '  for  catalytic  reactions  on  inhomo - 

(22) 

geneous  surfhces  and  by  Hauffe  in  the  role  of  various  oxides 
and  sulfides  as  heterogeneous  catalysts. 
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RESULTS  AND  DISCUSSION 


I.  Preliminary  Eaperlment* 

At  the  beginning  of  the  work,  experiments  were  carried  out  on 
aollu-aolld  icactlone  between  oxidants  and  various  organic  sub¬ 
strates,  especially  polycyclic  compounds,  in  the  presence  and 
absence  of  catalysts  with  the  view  to  finding  whether  reactions  In 
the  solid  phase  gave  the  same  products  as  in  a  homogeneous  re¬ 
action  In  solution.  The  number  of  substrates  was  very  limited 
because  only  a  few  such  organic  compounds  remain  solid  and  do 
not  undergo  thermal  decomposition  at  the  high  temperatures 
necessary  for  the  reactions. 

These  first  reactions  were  studied  qualitatively  .ind  the  work 
on  them  was  not  extended.  It  was  seen  that  the  products  of  the 
reaction  were  such  as  to  complicate  any  kinetic  study  unduly. 

Preliminary  reactions  between  KClO^  and  various  polymers 
showed  that  a  suitably  high  meltlg||.  pdigmer  would  be  the  ideal 
substrate  for  the  present  study  since  the  course  of  the  reaction 
would  be  most  likely 

solid  -t  solid -wgas  solid 

and/or  solid  +  solid— ¥solid  -t-  solid 

A  kinetic  study  of  such  types  of  reactions  would  be  feasible . 
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The  main  types  of  preliminary  experiments  carried  out  were  as 
follows: 

(a)  Anthracene  and  selenium  dioxide 

i'hese  mixtures  melted  at  less  than  150°  and  in  order  to  carry 
out  the  reactleas  in  the  solid  phase  they  were  heated  at  tempera¬ 
tures  up  to  120°C.  From  100-120°C  some  high-melting  material 
was  formed,  but  could  not  be  identified,  owing  to  the  difficulties 
of  separation  and  the  very  small  amount  obtained.  Most  of  the 
anthracene  remained  unchanged.  The  ultraviolet  spectrum  of  the 
product  indicated  the  presence  of  traces  of  anthraquinone. 

(b)  Chrysene  and  KClO^. 

There  was  no  reaction  of  chrysene  with  KCIO^  either  in  the 
absence  or  in  the  presence  of  added  substances  (K^CO^,  Fe^lSO^)^ 
and  LiCl)  at  200°C .  The  starting  materials  were  recovered  un¬ 
changed. 

(c)  Sodium  cyclohei^lcarboxylate  with  KClO^.  KNO^.  SeO^  and 
chloranil  (tetrachlorobensoquinone). 

The  products  were  studied  spectrophotometrically.  The  U.  V. 
spectrum  revealed  the  formation  of  benaoic  acid.  In  a  typical 
experiment,  a  tablet  containing*tbout  650  mg  of  KClO^.  300  mg  of 
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CgH^lCCX)Na  and  30  mg  of  Fe^CSO^)^  was  heated  at  320°C  in  a 
closed  tube  for  22  hours.  Analyses  for  chloride  showed  that 
23  %  of  the  perchlorate  had  reacted  and  about  60  mg  of  benzoic 
acid  were  obtained,  identified  by  melting  point,  mixed  melting 
point  and  (^V.  spectrum.  The  tablet  remained  mechanically 
stauie  throughout  the  reaction  and  only  a  small  amount  of  brown 
insoluble  carbonaceous  material  was  formed.  At  higher  tempera¬ 
tures  the  mixtures  reacted  explosively  (at  340°C  in  the  presence 
of  the  above-stated  amount  of  Fe^iSO^)^  and  at  360-370°C  in  the 
absence  of  catalyst).  At  340^-350^  up  to  100%  of  the  KClO^ 
decomposed  even  in  uncatalyzed  reactions,  after  20-24  hours, 
but  the  organic  product  was  entirely  a  black  carbonaceous 
material.  At  lower  temperatures  the  reaction  was  slow  but  the 
presence  of  benzoic  acid  was  revealed  in  the  product  by  its  U.  V. 
spectrum. 

Similar  results  were  obtained  from  mixtures  of  KNO^  and 
CsHiiCOONa  with  225-300°C  and  also  with 

mixtures  of  SeO  andC  H  COONa  at  200°C  but  in  the  latter 

C  Dll 

case  the  mixture  fused  and  the  reaction  probably  took  place  in 
the  molten  phase. 

Using  chloranil  (m.p.  290°)  as  the  oxidant,  with  CgH^^COONa 
at  140-200°C  (19-20  hours  heating),  15-20%  of  benzoic  acid  were 


obtained. 
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Other  eubstances :  Oxamide  and  KClO^  did  not  react  at 
300^C  and  gave  only  1.2 -1.6%  reaction  (analyaed  for  chloride) 
at  325°  to  400°.  Dicyclohexylamine  hydrochloride  with  KClO^ 
reacted  exploaively  at  250°  and  decomposed  completely  at  as 
low  as  200-220°C.  At  lower  temperatures  (170-180°)  the 
starting  materials  were  recovered  unchanged. 

(e)  Polymers:  Various  polymers  were<||[pepared  with  the 
view  to  finding  a  heat  stable  and  high  melting  polymer  suitable 
for  reactions  with  various  oxidants  in  the  solid  state.  Polymers 
from  indene.  vinylnaphthalene,  cinnamal  fluorene,  acenaphthene 
and  acenaphthylene  were  prepared.  Copolymers  from  vinyl - 
naphthalene/ dlvinylbenxene  (DVB),  styrene/DVB  and  acenaph¬ 
thylene/DVB  were  also  prepared.  As  none  of  these  had  a 
sufficiently  high  melting  point  for  reaction  with  KClO^  in  the  solid 
phase,  it  was  decided  to  use  a  copolymer  of  40  %  DVB  and  60  % 
£-ethylstyrene  (henceforth  called  pDVB  or  polydivinylbenzene) 
and  to  investigate  its  oxidation  in  the  presence  of  various  cata¬ 
lysts.  The  remaining  work  was  the  study  of  this  catalysed 
reaction  using  KClO^,  KClO^,  KBrO^  and  KIO^  as  the  oxidants 
and  a  large  number  of  inorganic  and  organic  substances  of 
suitably  high  melting-points  as  the  catalysts. 
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II.  The  Catalyzed  Solid-Solid  Reaction  Between  pDVB  and  Varioua 
Inorganic  Oxidants 

A.  KClO,  as  Oxidant. 

- 4  — 

(a)  Ignition  Times  and  Temperatures 

The  various  mixtures  of  KClO^-pDVB-catalyst  were  heated 
at  various  temperatures  until  they  Ignited  (see  Experimental  Part 
for  details).  The  results  are  shown  In  Table  1,  page  16,  arranged 
In  descending  order  of  flammability.  As  a  companion  is  made  with 
samples  not  containing  an  added  substance,  the  table  serves  as  an 
assessment  of  the  relative  catalytic  activities  of  the  added  sub¬ 
stances. 

The  table  shows  that  most  of  the  Cl  and  SO.*  salts  used  are 

4 

catalysts,  with  the  exceptions  of  NaCl,  KCl,  and  possibly  ^bCl^ 
and  PbSO^.  K1  appears  higher  In  the  table  than  other  alkali  motal 

) 

halides.  Otherwise  there  Is  agreement  In  the  results  for  com- 
'pounds  of  the  same  classes.  Metal  powders  and  basic  substances 
inhibit  the  reaction.  There  appears  to  be  an  Influence  of  both  the 
cation  and  the  anion  in  the  effect  of  the  added  substances.  Thus 
PbCl  and  PbSO  are  low  in  the  table  as  compared  with  salts  of 
other  metals  and  KI  is  high  while  KBr  is  low.  Similarly,  among 
the  metal  powders  Cu  appears  to  be  far  less  Inhibitory  than  Zn  or 
Al,  and  as  the  densities  and  the  surface  areas  of  the  additives  Cu 
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and  Zn  are  very  similar  the  difference  in  their  effects  might 
depend  on  physical  properties  affecting  the  diffusion  rate . 

The  effects  of  the  added  substances  in  the  ignition  tests  are 
paralleled  by  the  results  for  the  same  mixtures  in  kinetic  runs 
at  lower  temperatures  and  in  vacuum  (see  section  (b)  of  Dis¬ 
cussion  of  Results). 

The  time  lag  required  for  the  temperatures  of  the  samples 
to  rise  to  the  ignition  temperatures  was  not  taken  into  account 
in  the  figures  presented  in  the  table.  This  period  will  be  approxi 
mately  the  same  for  samples  of  the  same  size  and  should  be  in 
the  neighborhood  of  12  seconds,  the  time  required  for  ignition 
at  very  high  temperatures,  when  samples  ignite  as  soon  as  they 
reach  the  ignition  temperature. 

(b)  Effects  of  added  substances  on  the  rate  of  reaction. 

The  effects  of  various  catalysts  are  compared  according  to 
the  rate  constants  of  the  reaction  in  Tables  2,  3,  4.  5,  pages 
20  -  23.  Some  of  the  typical  results  are  represented 

in  Figure  1,  page  25.  Table  2  shows  that  the  oxides  Fe20j, 
Cr^O^  and  MnO^  either  do  not  affect  the  rate  or  else  lower  the 
rate  while  V^Og.LiCl  and  more 


than  eight  times  the  uncatalyzed  rate. 


90T  m 
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Table  3  shows  the  effect  of  some  of  the  above  and  of  other 

added  substances  at  a  higher  temperature.  Again,  V  O.,  LiCl 

and  powder  strongly  catalyze.  The  oxides 

MgO  and  Cr.O  strongly  inhibited  the  reaction.  K  CO  inhibited 
2  4  2  3 

the  reaction  to  about  one -half  the  rate  for  the  KClO^-pDVB 
reauiion. 

Table  4  shows  the  effect  of  two  of  the  catalysts  in  the  same 
ratio  to  KClO^  as  above  but  with  the  KClO^  and  pDVB  in  equal 
proportions  by  weight.  There  is  about  the  same  degree  of 
catalysis  but  with  high  proportions  of  pDVB  the  tablets  were 
mechanically  less  stable  and  reproducibility  was  poor. 

Table  5  represents  the  main  body  of  work  done  in  this 
section,  wherein  a  ratio  of  5  parts  KCIO^  per  part  of  pDVB 
by  weight  and  a  ratio  of  0.028  parts  catalyst  per  part  KQ|]|p^ 
by  weight  and  a  temperature  of  350^C  were  used1|^roughout. 

The  catalysts  mentioned  above  were  used  again  and  others 
chosen  to  illustrate  certain  trends  previously  observed. 

It  is  evident  that  more  than  one  factor  is  involved  ir.  the 
catalytic  mechanism  (see  section  E). 

It  can  be  seen  that  catalysis  is  strong  with  substances 

likely  to  be  proton  donors,  e.g.  strongly  ionic  compounds 

or  acid  compounds  (Lewis  acids)  such  as  A1  (SO Fe-(SO,),. 

2  4  3  2  4  3 
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LiCl.  NH^Cl,  etc. .  whereas  inhibition  occurs  with  proton 
acceptors,  e.  g.  basic  compounds,  such  as  K^CO^.  Na^CO^. 

LIOH.  Li^CO^.  For  example,  the  rate  constant  with  the  latter 
two  substances  was  one-thirtieth  of  the  uncatalysed  rate. 

Metals  did  not  show  any  appreciable  activity  as  catalysts 
while  they  are  renowned  for  their  effect  in  gas  phase  reactions 
at  high  temperatures.  In  the  present  rrnnttann  they  behaved 
more  or  less  as  inert  substances,  at  times  even  inhibiting 
the  reaction. 

Of  the  oxides,  only  vanadium  pentoxide  showed  any  catalytic 
activity.  All  others  used  showed  a  mild  to  strong  inhibition. 

Apart  from  Lewis  acids  actual  protonic  acids,  for  example, 
molybdic  acid,  dicyclohexyiamine  hydrochloride  and  phos¬ 
phoric  acid,  were  used  also  and  were  found  to  catalyze  the 
reaction  between  KClO^  and  pDVB. 

Phosphoric  acid  at  a  concentration  of  0.01  ml  per  pellet  of 
250  mg  at  350°C  only  slightly  catalyzed  the  reaction  but  at  400**C 
and  with  0.05  ml  per  pellet  the  reaction  proceeded  ex¬ 

plosively. 

Experiments  with  boric  acid  at  400°  gave  only  mild  catalysis 
in  some  cases,  while  in  others  explosion  occurred.  It  is  evident 
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that  the  temperature  sensitivity  of  these  reactions  was  very  large 
and  the  differing  behaviour  must  be  due  to  slight  fluctuations  of 
the  furnace  temperature. 

An  anion  and  a  cation  exchange  resin  (Amberlite  IR  410, 
quaternary  amine  type  and  Amberlite  IR  120,  sulfonic  acid  type, 
respectively)  were  used  as  catalysts  under  the  same  conditions. 

The  cation  exchanger  catalyzed  the  reaction  to  six  times  the 
uncatalyzed  rate  and  the  anion  exchanger  to  about  three  times 
the  uncatalyzed  rate.  This  was  the  only  instance  of  a  basic  sub¬ 
stance  having  a  catalytic  effect.  In  view  of  the  complicated 
structure  of  such  a  resin  we  cannot  put  forward  an  explanation. 

(c)  The  Empirical  Rate  Law  of  the  KClO^-pDVB  Reaction  and 
of  the  Catalyzed  KClO^-pDVB  Reaction. 

It  is  logical  to  assume  that  in  the  solid-solid  reaction  between 
KClO^  and  pDVB  the  main  rate -determining  factor  will  be  the 
behaviour  of  the  KClO^  particle  since  pDVB  is  a  rigid,  cross- 
linked,  non-ionic  solid  having  very  slight  or  no  mobility.  Further¬ 
more,  experiments  were  carried  out  at  temperatures  far  below  the 
melting  point  of  the  polymer  and  considerably  above  the  Tammann 
temperature  of  KClO^. 

The  only  other  factor  involved  in  the  KClO^-pDVB  reaction  would 
be  the  influence  of  the  products  of  the  reaction  on  the  ensuing  reaction. 
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Since  the  solid  products  of  the  reaction  are  KCl  and  an  oxidized 
polymer  (plus  water  and  carbon  dioxide)  the  influence  would  be 
one  of  inhibition,  mostly  due  to  the  KCl,  acting  as  a  barrier  to 
further  reaction. 


If  the  catalysts  are  in  small  amounts  the  above  considerations 
will  hakl  true  in  the  catalyzed  reaction  since  the  effect  of  the 
catalysts  should  be  only  to  enhance  the  mobility  of  the  oxidant 
and  the  inhibitory  influence  of  the  products  should  remain  pro¬ 
portionally  the  same. 

The  general  form  of  the  rate  equation  should  be  of  the  type 

dx/dt  =  k(a-x)*”/^n  where  m  ^  1  and  nt^l.  The  term  x”  makes 

allowance  for  the  inhibition  of  the  diffusion  of  the  product.  By 

testing  various  equations  of  this  type  (see  Tables  6,  7  pages 

27,  28)  it  was  found  that  the  equation  gave  the  best  fit  to  the 

curves  of  both  the  catalyzed  and  the  uncatalyzed  reactions  when 

2, 

m  =  l  and  n=  /3. 


The  differential  equation 

dx/dt  *  k(a-x) 

2/3 

X 

was  used  in  the  form 


V 

K  =  X 

3 
a 

obtained  by  integrating  the  geometrical  series 
ferential  equation  (see  Experimental  Part). 


expansion  of  the  dif 
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TABLE  6 

Empirical  Equation  kdt  »  x"/(a  -  x)”  dx 

I  kdt  /  (a  -  x)^^]dx 

or 

kt  -  (3/4  +  2/7  ax  +  1/6  X*  +...)/  a®^® 

n  kdt  »  p  /  (a  -  xjjdx 

or 

kt  =  2.303  logja/  (a  -  x)] 

III  kdt  “^x  ®  /  (a  -  x)jdx 

or 

kt  =  x®^®  (5/6  a®  +  5/11  ax  +  5/16  x®  +...)/  a® 

IV  kdt  -[x  /  (a  -  x)Jdx 

or 

kt  »  x^^®  (3/4  a®  +  3/7  ax  +  3/10  x®  +...)/  a® 

V  kdt  =[x®^®  /  (a  -  x)]dx 

or 

kt  =  x®^®  (3/5  a®  +  3/8  ax  +  3/11  x®  +.. .)  /a® 

VI  kdt  =  jx®^^  /  (a  -  xjjdx 

or 

kt  =  (4/7  a®  +  4/11  ax  +  4/15  x®  1-  . . .)  /  a® 

VII  kdt  /  (a  -  x)jdx 

kt  *  (10/19  a®°+  10/29  ax  +  10/39  x®  +...)/  a® 

VUI  kdt  =[x  /  (a  -  xHdx 

^  or 

kt  =  X  ln[a/  (a  ~  x)l~  x 

IX  kdt  -fx*^  /  (a  -  xHdx 

^  or 

kl  »  x’^®  (3/7  a®  +  3/10  ax  +  3/13  x®  +...)/  a® 
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The  kinetic  data  for  uncatalyzed  reactions  between  pDVB 
and  KCIO,  was  fitted  to  equations  V  and  VI.  As  for  the  catalyzed 
reactions,  the  empirical  equation  V  gave  a  better  fit  for  all  the 
runs  (Table  8.  page  30). 

(d)  Effect  of  Catalyst  Concentration 

There  appears  to  be  a  limiting  catalyst  concentration  (Tables 
9A,  9B.  pages  31.  32  and  Figure  2.  page  34)  above  which  the 
rate  of  reaction  is  not  increased  further.  It  is  quite  probable  that 
at  even  higher  catalyst  concentrations  the  added  substance 
would  act  as  a  barrier  to  the  diffusing  particles.  We  believe 
that  at  higher  catalyst  concentrations  additional  complicating 
effects  may  become  operative,  such  as  reaction  between  the 
'catalyst'  and  KClO^  and/or  pDVB.  Some  of  the  catalysts  are 
oxidizing  agents  (Fe  saltr.  etc. ).  others  are  reducing 

agents  (metals)  and  accordingly  in  the  presence  of  large  con¬ 
centrations  of  these  substances  the  whole  picture  of  the  reaction 
may  change. 

(e)  Blank  Determinations 

Experiments  carried  out  on  KClOj-catalyst  mixtures  (with¬ 
out  pDVB)  under  the  usual  experimental  conditions  (Table  10. 
page  36)  showed  that  certain  catalysts  caused  a  decomposition 
of  KCIO^  These  catalysts  were  used  at  lower  temperatures 
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for  the  oxidation  reactions  with  pDVB  but  the  possibility  cannot 
be  ruled  out  that  the  alteration  of  conditions  in  the  course  of  the 
reaction  might  enable  these  catalysts  to  resume  their  effect. 

The  table  shows  that  only  LlCl  had  a  significant  decomposition 
effect  in  closed  tubes  and  this  occurred  at  400°C.  Vanadium 
pei.t-xide  c*  400°,  but  in  a  reaction  chamber  open  to  the  atmos¬ 
phere  had  a  large  decomposition  effect.  In  closed  tubes  at  400° 
the  decomposition  of  KCIO^  with  was  insignificant  over  24 
hours.  All  other  substances  tested  under  the  same  conditions 
showed  little  or  no  decomposition  of  KClO^. 

Runs  made  to  determine  the  decomposition  of  the  polymer 
showed  that  it  commenced  only  at  400°C  over  extended  periods 
of  heating  in  the  presence  of  air.  The  weight  loss  of  the  polymer 
indicated  a  thermal  decomposition  of  up  to  30%  over  24  hours  at 
this  temperature.  As  nearly  all  runs  with  oxidants  were  per¬ 
formed  at  a  much  lower  temperature  and  in  sealed  ampoules  the 
thermal  decomposition  of  the  polymer  can  be  neglected. 

The  amount  of  reaction  of  KClO.  with  KCl  formed,  at  the 

4 

temperatures  used,  is  negligible.  The  eutectic  temperatures 

(53) 

given  in  the  literature  (Schroder'  ')  for  mixtures  of  KClO^  and 
KCl  are  much  higher  than  the  reaction  temperatures  used. 
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(f)  Reproducibility  and  Experimental  Error 

Reproducibility  of  results  for  reactions  between  KCIO^  and 
pDVB  together  with  added  substances  depends  on  the  following 
physical  factors: 

(1)  Uniformity  of  grain  size  (1.  e.  surface  area). 

(2)  Uniformity  of  miJdsg  and  pressing  of  pellets. 

(3)  Temperature  control. 

(4)  Aging  of  tablets. 

It  is  to  be  expected  that  strict  control  of  all  these  conditions 
is  practically  impossible  and  that  in  solid-solid  reactions  repro¬ 
ducibility  of  results  will  be  relatively  p>oor.  Table  5,  page  22 
includes  duplicates  of  some  experiments  and  shows  that  the 
variation  between  the  values  of  k  may  in  some  cases  be  con¬ 
siderable.  Figure  1,  page  16,  shows  that  in  any  one  run  the 
points  gave  a  fairly  smooth  curve  with  only  one  or  two  points 
wildly  off  the  curve.  Thus,  for  a  set  of  conditions  as  set  for 
a  particular  run  the  reproc' acibility  is  good.  In  most  cases, 
especially  if  the  reaction  was  fast,  two  or  more  runs  were 
made  under  duplicated  conditions  and  the  reaction  curves 
were  drawn  so  as  to  give  the  best  fit  to  all  experimental 


points. 
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IIB  The  Catalysis  of  the  pDVB-KClOj  Reaction 

Temperatures 

An  examination  of  the  ignition  times  at  corresponding  tem¬ 
peratures  (Table  11,  page  39)  reveals  that  the  mixtures  containing 
a  strong  catalyst  ignited  much  more  quickly  than  those  containing 
a  weak  catalyst  or  inhibitor.  The  only  exception  to  this  rule  was 
LiCl  which,  although  it  dkted  as  a  medium  strong  catalyst,  (see 
part  lI-B-(b))  was  in  the  ignition  test  not  conducive  to  a  rapid 
ignition. 

Most  of  the  ignitions  were  preceded  by  a  gentle  burning 
which  in  a  few  seconds  developed  into  a  rapid  burning  accom¬ 
panied  by  smoke  and  flame.  There  was  an  exception  in  the 
samples  containing  CoSO^  which  did  not  ignite  in  this  manner 
but  with  a  sudden  explosion.  Moreover,  it  had  one  of  the  lowest 
of  ignition  temperatures,  slightly  lower  than  for  mixtures  con¬ 
taining  stronger  catalysts  such  as  MnSO^.  MnCl^  and  NH^Cl. 

Some  mixtures  containing  inhibitors  did  not  ignite  but  fused 
and  probably  decomposed  in  the  melt. 

(b)  The  effects  of  various  added  substances  on  the  KClO^-pDVB 
reaction  are  shown  in  Tables  12.  13.  pages  42&43  and  Figure  3. 
page4S.  As  in  the  catalyzed  KClO^-pDVB  reaction  there  are 
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specific  effects.  Strongly  acidic  substances  strongly  catalyze 
and  strongly  basic  substances  strongly  inhibit.  There  is  a  finer 
gradation  between  these  experiments  as  compared  with  the  KCIO^ 
reactions  as  the  gap  between  the  amount  of  reaction  for  a  highly 
activated  reaction  and  an  uncatalyzed  reaction  is  much  larger. 
Here  we  see  that  some  metals  catalyze  the  reaction  (e.g.  alu¬ 
minum)  to  an  appreciable  extent  and  others  not  at  all 

The  highest  degree  of  catalysis  was  obtained  with  ammonium 
bromide,  the  rate  of  reaction  at  225°  being  230  times  that  of  the 
uncatalyzed  reaction  at  250°.  A  similar  rate  was  obtained  for 
ammonium  chloride  and  about  V3  of  this  rate  for  aluminum  sul* 
fate,  manganese  sulfate,  ferric  sulfate  and  cobalt  sulfate.  At 
225°  vanadium  pentoxide  catalyzed  the  rate  to  five  times  the 
uncatalyzed  rate  at  250°,  At  225°  the  'inratoJyzed  re.action 
between  KCIO^  and  pDVB  did  not  prociv  il. 

In  general,  salts  of  the  heavy  inei.'l.-!  strong  ralalya'.s 

for  the  KClO  -pDVB  reactions  much  ■■<;!  wi’rc  foi  kCtO, 
pDVB  reaction  and  saltsof tl.e alkal  nirtaii:  wi  re  rOhr,  u. 
catalysts  or  inactive.  It  can  bo  stated  ih.ii  ;.t,i  .iii.iin  •*  ,  ..  rt;r .  i 
of  catalysts  and  inhibitors  was  the  saux  with  .md 

but  the  quantitative  relations  differed  «  i'|r;y 


Experiments  were  run  under  JdenMi  nitdituoi r  for  CMirn 
i nation  of  the  products  from  the  Biundp  ■’ tit  .>r  •  i  r,  u  inf  o.p-'i  ■  .  ; 
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into  the  polymer.  The  amount  of  change  in  the  elementary  com¬ 
position  (see  Table  14,  page  47 )  is  proportional  to  the  amount  of 
KCIO^  decomposed.  It  is  not  equal  to  the  latter  since  the  reaction 
is  nr  *;  solely  an  incorporation  of  oxygen  into  the  poljnner  molecule, 
but  is  accompanied  by  the  formation  of  carbon  dioxide  and  water. 

Glasner  and  Weidenfeld^^^^  found  that  in  the  thermal  decom¬ 
position  of  KCIO^  and  KCIO^-KCI  mixtures  two  consecutive  reac¬ 
tions  took  place: 

KClOg-^  KCl  +  30 
and  KCl  +  40— >KClO^ 

These  reactions  took  place  at  temperatures  higher  than  455^C . 

The  formation  of  KCIO^  in  the  thermal  decomposition  of  KCIO^ 
is  confirmed  by  A.  E.  Harvey  et  al^^^^  again  occurring  only  at 
temperatures  in  the  neighborhood  of  SOO^C.  Vanden  Bosch  and 
Aten^^^^  found  contrary  data  with  labeled  oxygen  in  chlorate 
which  did  not  appear  in  perchlorate . 

The  present  reactions  between  KCIO^  and  pDVB  in  the 
presence  of  catalysts  took  place  at  250*^  and  lower  and  proceeded 
to  a  complete  decomposition  to  KCl.  It  is  unlikely  that  KClO^ 
could  be  formed  for  the  reason  that  it  would  not  react  at  the 
above  temperature.  Thus  the  second  of  the  above  reactions  does 
not  take  place  here.  The  oxygen  formed  by  the  first  reaction 
probably  moves  to  the  substrate  as  or  O'  where  part  of  it 
is  incorporated  into  the  polymer  molecule  and  part  forma 


CO  and  H.O  with  the  substrate. 
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The  reaction  of  KCIO^  with  pDVB  in  the  presence  of  vanadium 
pentoxide  showed  the  existence  of  an  initiation  period  for  the  re¬ 
action.  At  250°C  the  reaction  proceeds  to  about  15%  after  3.5-5 
hours  and  between  the  fourth  and  fifth  hour  of  heating  another  60  % 
of  reaction  takes  place.  The  rate  then  levels  off  again. 

At  225*’C  the  initiation  period  for  this  reaction  lasts  more 
than  20  hours  after  which  the  reaction  rate  again  climbs  rapidly. 

This  was  the  only  case  investigated  wherein  sigmoid  reaction 
curves  with  initiation  periods  were  found.  Curves  of  this  type  are 
common  in  thermal  decompositions  but  we  are  unable  to  propose 
any  explanation  for  its  occurrence  here  in  the  presence  of  V^Og 
while  all  other  added  substances  showed  no  initiation  period. 

Also,  no  such  effect  of  V^Og  was  found  in  the  KClO^-pDVB  reaction. 

(c)  Effect  of  Catalyst  Concentration 

Table  15,  page  48  and  Figure  4,  page  51  show  that  the  increase 
in  the  reaction  rate  is  on  the  average  three-fold  for  a  doubling  of 
the  catalyst  concentration  and  does  not  reach  «  maximum  effect 
for  the  catalyst  concentration  used  (up  to  2  %  of  the  pDVB-KClOg 


mixture  by  weight). 
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(d)  Kln^tlci  and  IUt»  Law 

The  reaction  of  KCIO^  with  pDVB  wae  found  to  be  of  aero 
order  in  KClO^.  i.  e. , 


IICIO^  io  the  only  oxiftaint  with  which  this  relationship  is 
valid.  KCIO^.  ^^^3  ^^3  (***  below)  all  give  rates  cor> 

responding  to  Eq.  V.  This  would  mean  that  in  the  case  of 
KCIO^  the  transport  of  oxygen  is  very  rapid  and  the  reaction 
rate  depends  only  on  the  availability  of  the  substrate.  In  other 
words,  the  amount  of  KCIO^  (5  times  the  weight  of  the  substrate) 
is  in  swamping  excess  in  this  case,  eliminating  the  KCl^  con¬ 
centration  from  the  equation. 

(e)  Blank  Determinations 


Table  16.  page  53 ,  shows  that  the  decomposition  of  KCIO^- 
NH^Cl  mixtures  at  225**  was  about  7%  over  24  hours.  This  was 
also  the  temperature  for  the  NH^Cl -catalysed  reaction  between 
KClO^  and  pDVB.  The  amount  of  side-reaction  is  thus  not  neg¬ 
ligible  even  if  it  is  very  much  smaller  than  the  reaction  rate. 
All  other  substances  showed  only  slight  interaction  with  KCIO^ 
at  250^,  the  maximum  temperature  need  for  the  KClG^-pDVB 
reactions.  It  can  therefore  be  stated  that  there  were  no  side 
reactions  between  KCIO^  and  the  added  inorganic  substances. 
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(f)  Reproducibility  and  Experimental  Error 

The  reproducibility  of  the  kinetic  runs  using  KCIO^  as  the 
oxidant  was  in  general  better  than  with  KCIO^  as  oxidant.  The 
factors  accounting  for  this  are  the  greater  stability  of  the 
KClOj -compounded  pellets  and  the  more  accurate  control  of 
temperature  of  reaction  at  lower  temperatures  as  were  used 
in  the  KCIO^  reactions.  Table  12,  page  42.  shows  that  for  two 
runs  using  NH^Br  as  the  added  substance,  the  reproducibility 
was  bad  but  Tables  12  and  13  show  that  all  other  duplicated 
runs  were  almost  identical.  Within  any  particular  kinetic  run 
the  separate  points  fell  on  or  very  close  to  a  straight  line 
(Figure  3.  page49. 
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II  C  Potaasium  lodate  as  Oxidant 

(a)  Effects  of  Catalysts 

Table  17,  page  57,  and  Figure  5,  page  59,  show  the  nature  and 
extent  of  the  effects  of  added  substances  to  the  reaction  between 
KIO^  and  pDVB.  A  smaller  number  of  catalysts  were  tried,  being 
mostly  those  which  catalyzed  the  previous  reactions  strongly. 

Reactions  were  carried  out  under  the  same  operating  condi¬ 
tions  as  before  but  samples  were  made  up  in  a  ratio  of  10  parts 
KIO^  to  1  part  pDVB  by  weight,  for  greater  mechanical  stability 
of  the  pellets  and  a  closer  parallel  of  the  molar  ratios.  The 
catalyst  to  oxidant  ratio  remained  0.028  parts  to^ne  part  oxidant 
by  weight.  The  temperature  chosen  for  the  reaction  was  lower 
than  for  the  KClO^  reaction  and  higher  than  for  the  KClO^  reaction, 
a  consideration  due  to  the  relative  speed  of  each  reaction. 

The  reaction  was  catalyzed  up  to  100  times  the  uncatalyzed 
rate  by  MnSO^  and  to  lesser  degrees  by  CoSO^,  Al2(SO^)2  and 
NH^Br,  in  descending  order. 

As  in  the  case  of  KCIO^,  there  exists  a  qualitative  agreement 
in  the  effects  of  the  various  additives  with  their  effects  in  the 

KCIO.  reaction. 

4 
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(b)  The  kinetics  and  empirical  rate  law  of  the  catalyzed 
KIQj-pDVB  reaction 

The  kinetic  data  gave  a  good  fit  to  the  empirical  equation 
found  for  the  KCIO^  oxidation  of  pDVB  (Equation  V).  Therefore 
the  same  arguments  hold  for  this  reaction  with  regard  to  dif¬ 
fusion,  mode  of  catalysis  and  interpretation  of  results. 
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II  D  KBrOj  aa  oxidant 
(a)  Ignition  tlmea 

Table  18  page  61 .  shows  a  close  agreement  between  the 
ignition  times  and  the  kinetic  results  for  the  same  mixtures. 

The  strong  catalysts  promoted  rapid  ignition  and  the  inhibitors 
prevented  ignition.  The  table  shows  that  the  reaction  tempera¬ 
ture  used  in  the  kinetic  runs  was  below  the  ignition  temperatures 
but  for  the  strong  catalysts  the  reaction  temperatures  and  the 
ignition  temperatures  were  very  close.  As  the  kinetic  runs  were 
performed  in  vacuum  and  the  ignition  temperatures  were  found 
for  samples  open  to  the  atmosphere  the  influence  of  atmospheric 
oxygen  is  evident. 


(b)  Effect  of  Catalysts;  Kinetics  and  Rate  Law. 

The  empirical  rate  law  of  the  catalysed  KBrO^-pDVB  reaction 

was  the  same  as  for  the  KCIO.  and  KIO.  oxidations. 

4  3 

Reactions  were  carried  out  under  the  same  conditions,  the  tem¬ 
perature  of  reaction  being  the  only  change.  This  was  lower  than  for 
the  KCIO^  and  KIO^  oxidations  because  of  the  greater  ease  of  KBrO^ 
oxidation.  Runs  were  made  at  300^  and  at  275°,  the  lower  temper¬ 
atures  for  those  catalysts  which  drove  the  reaction  too  quickly  for 
a  proper  evaluation  and  the  higher  temperature  for  the  less  active 


catalysts. 
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Table  I9,  page  63  <  and  Figure  6>  page  65,  show  that  the 
catfvlysts  which  strongly  or  weakly  catalyzed  the  KCIO^,  KCIO^, 
KIO^  reactions  had  a  similar  effect  on  the  KBrO^  oxidations. 
More  specifically,  MnSO^,  AlgCSpj)^,  CoSO^,  MnCl^,  Fe2(SOj)g, 
NH^Cl  were  powerful  catalysts  while  alkali  metal  salts  or  bases 
or  powdered  metals  were  either  weak  catalysts  or  inhibitors. 
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U  E  Comparjgon  of  Effects  of  Catalysts  on  Oxidation  of  pDVB 
by  KClOj.  KClOg,  KBrOg  and  KIO^ 


The  relative  rates  of  reactions  with  different  oxidants  and  the 
same  catalyst  (Tables  20,  21,  pages  68,  69)  show  that  the  influence 
of  the  catalyst,  with  a  few  exceptions,  lies  in  the  same  direction. 
There  is  no  quantitative  agreement,  however,  between  the  dif¬ 
ferent  rates. 

Several  substances  which  did  not  greatly  influence  the  rate 

of  oxidation  of  pOVB  by  KClO^  had  a  strong  catalytic  effect  on 

the  reaction  with  KCIO.,  KIQ,  and  KBrO..  These  were  CoSO^, 

6  6  S  4 

MnCl„,  MnSO.,  NH.Cl  and  NH^Br. 

2  4  4  4 

Substances  which  strongly  inhiMted  one  reaction  had  the 
same  effect  on  the  other  reactions  and  substances  which  cata¬ 
lyzed  the  KClO^-pDVB  reaction  also  catalyzed  the  other  reactions. 

The  relative  times  of  ignition  using  KCIO^,  KCIO^  and  KBrO^ 
as  oxidants  with  various  catalysts  (Table  22,  page  70)  show  a 
closer  agreement  for  the  different  oxidants  and  the  same  catalyst. 
Obviously,  the  solid-solid  reaction  rates  and  the  ignition  tests 
cannot  be  compared  since  in  the  latter  case  the  reaction  is 
strongly  influenced  by  the  presence  of  air.  The  substances  used 
are  in  many  cases  catalysts  for  the  air -oxidation  reaction.  (For 
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example,  in  the  oxidation  of  various  forms  of  carbon  by  air  it 
was  found  by  Fatal  et  that  bases  were  highly  active 

catalysts  by  enhancing  the  breakdown  of  surface  oxides  which 
were  formed  on  the  substrates  used). 

Activation  Energy 

The  values  of  the  activation  energy  obtained  for  the  cata¬ 
lyzed  KClO^-pDVB,  KClOg-pDVB  and  KBrOg-pDVB  reactions 
were  respectively  43.0,  38.6  and  45.9  Kcal/mole  with  the 
catalysts  FegCSO^)^,  CoSO^  and  Al2(SOj)j  the  respective 
catalysts.  These  were  calculated  from  the  values  given  in 
Table  23. 

The  respective  values  obtained  for  the  uncatalyzed  reac¬ 
tions*  were  40.5,  45.4  and  43.1  K.cal.  These  values  were 
obtained  for  ratios  of  KCIO^  to  pDVB  of  2.5:1  and  of  KCIO^ 
and  KBrO  to  pDVB  of  6;1. 


*  M.  Albeck.  private  communication. 
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II  F  CatalyalB  and  Inhibition  of  Solid-Solid  ReactlonB 


ImpuritleB  in  Bolids  undoubtedly  affect  their  reactivity.  Bome- 
times  to  a  marked  degree,  but  impurity  effectB  on  the  reaction 
between  two  aolida  have  not  been  Btudied  intenaively  becauae  of  the 
inherent  experimental  difficulties.  The  addition  of  aubatancea  to 
accelerate  solid -solid  reactions  is  common  in  practical  applications 
but  most  of  these  additives  are  materials  wnich  reduce  the  eutectic 
temperature  in  the  mixture  and  thus  in  most  cases  probably  intro¬ 
duce  a  small  amount  of  liquid  phase. 

In  the  present  work  the  effect  of  additives  on  the  solid -solid 
reaction  between  an  oxidant  and  a  substrate  was  studied.  The 
effects  of  these  additives  must  be  viewed  in  the  light  of  previous 
mechanisms  proposed  for  reactions  between  solids.  Thus,  in 
order  to  arrive  at  an  understanding  of  the  effect  of  catalysts  on 
the  reaction  it  is  necessary  to  clarify  what  the  normal  course 
of  the  reaction  would  be  and  what  change,  if  ai^,  the  added 
substance  will  have  on  this  mechanism. 

The  most  comprehensive  theories  proposed  for  solid-solid 
reactions  have  been  based  on  studies  of  the  simplest  systems 
available,  viz.,  the  thermal  decomposition  of  solids. 
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(34) 

Macdonald'  '  interprets  the  thermal  decomposition  of 
silver  oxalate  as  follows:  the  reaction  starts  from  a  fixed 
number  of  nuclei,  which  depends  on  the  history  of  the  sample. 

From  there  it  spreads  in  two  dimensions  across  the  planes  of 
the  crystal.  These  planes  of  reaction  may  branch  and  they 
usually  do  so  from  the  initiating  spot  on  the  edge  or  corner  of 
the  crystal,  since  this  possesses  considerable  excess  energy 
due  to  its  special  position  on  the  crystal  surface.  When 
paraffin  or  certain  either  substances  are  adsorbed  on  the  sur¬ 
face,  however,  this  excess  energy  is  removed.  The  reaction 
is  thereby  greatly  retarded,  and  proceeds  by  the  spontaneous 
generation  of  fresh  planes  at  the  edges  of  the  spent  reaction 
planes. 

Prout  and  Tompkins^V^  theory,  based  on  the  thermal  de¬ 
composition  of  KMnO^,  is  the  most  generally  accepted  mechanism 
for  decompositions  of  solids.  This  theory  stresses  the  importance 
of  branching  during  reaction  caused  by  the  covering  of  the  surface 
by  product  molecules  and  takes  into  account  the  effects  of  inter¬ 
ference  on  the  branching  process.  The  formation  of  product  mole¬ 
cules  is  thought  to  induce  strain  in  the  crystal,  owing  to  molecular 
volume  changes,  producing  cracks  and  thus  forming  fresh  surfaces 
on  which  decomposition  can  occur. 

This  theory  closely  resembles  that  of  nucleation  of  Garner 
and  others^^  whereby  reaction  occurs  in  favourable  regions. 
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where  the  molecules  exist  in  a  state  of  comparatively  higher 
energy  levels,  and  therefore  the  activation  energy  will  be 
lower.  In  general,  the  surface  array  of  product  molecules  will 
have  a  different  unit  cell  from  that  of  the  original  substance  and 
this  sets  up  strains  in  the  crystal  surface  which  are  relieved  by 
the  formation  of  cracks.  At  the  mouths  of  these  cracks  the  re¬ 
action  will  be  enhanced  by  lattice  imperfections  and  spread  down 
these  crevices  into  the  crystal.  Decomposition  on  these  surfaces 
produces  further  strains  and  cracking,  thus  developing  a  type  of 
chain  branching  process. 

MO) 

The  mechanism  proposed  by  Glasner  and  Weidenfeld'  '  for 
the  thermal  decomposition  of  potassium  perchlorate  is  based  on 
a  similar  branching  chain  concept.  The  diffusion  of  oxygen  after 
dislocation  from  the  perchlorate  ions  is  stated  to  be  the  rate 
limiting  step. 

All  the  above  mechanisms  are  based  on  the  original  concepts 
of  Schottky  and  of  Frenkel'  '  ’  '  whereby  movement  of  ions 

and  electrons  in  solid  ionic  compounds  is  possible  if  there  are 
deviations  from  the  strict  order  of  an  ideal  lattice.  Reactions 
between  solids  require  diffusion  processes  in  the  layers  of  the 
reaction  products  occurring  by  the  movement  of  ions  and  electrons. 

The  Schottkv  concept,  which  probably  applies  to  the  present 
work,  is  of  vacant  anion  and  cation  sites  in  the  lattice.  These 
vacancies  can  migrate  through  the  lattice  by  a  diffusion  mechanism. 
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In  a  consideration  of  the  mechanism  of  catalysis  by  a  solid 

« 

of  a  solid -solid  reaction  the  following  factors  should  be  eon- 
f  sidered: 

(1)  Any  impurity  incorporated  into  the  cirystal  lattice,  will,  as 
a  rule,  be  unable  to  arrange  itself  in  the  origiasl  lattice  struc¬ 
ture  of  the  pure  substance.  Hence  it  will  give  rise  to  lattice  im¬ 
perfections  such  as  vacancies  or  excess  ions  or  both. 

(2)  Ions  move  from  normal  lattice  positions  into  adjaceot  vacant 
sites  eliminating  the  original  boles  and  creating  new  boles. 
Similarly  excess  ions,  being  also  lattice  defects,  give  rise  to 
ionic  interchanges  in  the  structure. 

(3)  The  electronic  structure  of  a  solid  as  well  as  its  ionic  pro¬ 
perties  are  connected  with  its  catalytic  activity. 

(4)  During  the  decomposition  of  a  substance,  products  may  be 
formed  which  may  catalyse  or  inhibit  the  further  reaction. 

The  absence  of  autocatalysis  in  the  reaction  between  KCIG^ 
and  pDVB  is  shown  by  the  reaction  curve  having  no  initiation 
period,  i.  e.  it  is  not  sigmoidal.  Thus  the  KCl  formed  in  the  re¬ 
action  does  not  catalyse  the  farther  reaction  of  KCIO^.  The  ad¬ 
dition  of  KCl  also  does  not  change  the  rate  of  reaction  from  that  of 
the  uncatalysed  reaction.  In  the  thermal  decomposition  of  KC10J|, 


I 
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(18) 

Glasner  and  Weidenfeld'  '  found  that  pure  perchlorate  evolved 
oxygen  according  to  a  sigmoid  reaction  curve  and  that  added 
chloride  reduced  or  eliminated  the  induction  period. 

Glasner  and  Weidenfeld  also  investigated  the  influence  of 
KCl  derived  from  a  decomposition  of  KCIO^  as  compared  with 
heat-treated  KCl  and  ordinary  KCl  on  the  thermal  decomposition 
of  potassium  chlorate.  The  various  species  of  KCl  affected  the 
course  of  the  reaction,  the  first  two  types  increasing  the  rate  of 
formation  of  perchlorate  considerably.  They  attribute  this 
effect  to  the  ability  of  the  treated  KCl  to  absorb  oxygen  from 
the  decomposing  KCIO  and  to  form  perchlorate.  In  the  case  of 
perchlorate  formation  from  KCl  which  originated  from  per* 
chlorate  the  phenomenon  is  suggested  to  be  a  "memory"  effect. 
That  is  to  say.  a  substance  such  as  KCl,  obtained  from  KCIO^ 
by  removal  of  oxygen  atoms  "remembers"  its  original  crystal 
structure  and  reacts  as  a  reducing  agent  in  contact  with  sub¬ 
stances  which  provide  oxygen  for  filling  out  its  lattice  v;ic;oicie.s. 
The  same  "memory  effect'  was  postulated  by  Weyl  and  Fc^rland^^^^ 
for  TigOg  formed  by  decomposition  of  TiO^  and  for  BaO  formed 
from  the  decomposition  of  BaO^  etc. ,  where  the  '^^2^3 
BaO  are  much  more  reactive  towards  oxygen  if  they  h'lve  been 
formed  by  the  decomposition  of  the  higher  oxide,  i.  e. ,  they 
"remember"  their  previous  structure  and  return  to  it  easily. 
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In  the  present  work  the  reaction  between  KClO^  or  KClO^  and 
pDVB  sometimes  went  to  100%  KCl  in  the  presence  of  a  suitable 
catalyst.  This  shows  that  the  transfer  of  oxygen  from  one  part 
of  the  reacting  mass  to  another,  i.  e.  to  the  pDVB  must  be  rather 
facile  and  the  product  KCl  formed  is  not  an  effective  barrier. 
This  may  be  due  to  a  memory  effect  of  the  product  lattice 
allowing  easy  diffusion  of  oxygen.  On  the  other  hand,  KCl  is 
not  a  catalyst,  as  shown  by  experiments  using  initially  added 
KCl  up  to  2  %.  Therefore  a  balancing  of  two  opposing  effects, 
i.  e.  a  "chemical"  catalysis  by  KCl  as  opposed  to  a  "physical" 
inhibition  by  the  same  substance  as  a  barrier,  is  not  tenable. 

A  possible  mechanism  that  explains  the  phenomenon  of 
catalysis  or  inhibition  in  a  solid-solid  reaction  can  be  in¬ 
ferred  from  the  woric  of  Marshall,  Enright  and  Weyl^^^^  on 
the  influence  of  lattice  defects  in  changing  the  rate  of  material 
transport  through  the  bulk  of  a  crystal.  To  demonstrate  this 
influence  they  chose  zinc  oxide  as  the  parent  crystal  and 
introduced  various  ions  into  the  zinc  oxide  lattice.  When 

3+  + 

ua  ions  were  used  the  formation  of  Zn  ions  takes  place 
without  producing  anion  vacancies.  The  crystal  thus  formed 
has  the  same  electronic  properties  as  the  defective  crystal 
which  contains  anion  vacancies,  but  its  lattice  sites  remain 
occupied.  Ae  a  result,  the  material  transport  which  leads 
to  recrystellization  and  sintering  is  delayed. 
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They  found  that  the  same  reasoning  is  valid  for  the  reverse 
process,  namely,  causing  the  rate  of  material  transport  to  be 
increased.  For  example,  the  substitution  of  Li  ions  for  Zn 
ions  in  the  zinc  oxide  lattice  causes  the  electronic  conductivity 
to  be  dasreased  sharply  and  the  rate  of  material  transport  to  be 
increased.  Li  ions  occupying  normal  Zn  ion  sites  in  the 
lattice  required  that  some  ions  leave  the  structure  in  order 
to  maintain  electrical  neutrality.  Thus  the  number  of  anion 
vacanciev  Increases  and  consequently  the  rate  of  material 
transport  also  increases. 

Such  a  concept  may  explain  some  but  not  all  of  the  effects 
of  the  catalysts  used  in  the  oxidant -pDVB  reactions  in  the 
present  work.  The  catalytic  effect  of  highly  dissociated  sub¬ 
stances  could  be  due  to  the  relative  ease  with  which  they  enter 
the  oxidant  crystal  lattice  and  affect  the  diffusion  of  the  reacting 
particles.  Dissociable  substances  which  neither  inhibited  nor 
catalyzed  were  of  the  same  structural  type  as  the  oxidant,  e.  g. . 
KBr.  KCl,  Kl.  Other  substances  which  neither  catalyzed  nor 
inhibited  were  those  which  were  very  unlikely  to  enter  the 
crystal  lattice  of  the  oxidant  under  the  experimental  conditions, 
namely  the  metal  powders  and  water-insoluble  oxides. 

Some  of  the  inhibition  effects  of  various  substances  may  be 
due  to  pure  physical  blocking  of  diffusion.  It  is  possible  that 
some  of  the  soluble  oxides  are  easily  incorporated  into  the  oxidant 
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lattice  during  the  "wetting"  step  of  the  tablet  preparation.  This 
effect  would  not  operate  with  water  insoluble  or  very  slightly 
soluble  compounds. 

The  only  other  obvious  differentiation  between  catalysts  and 
inhibitors  occurred  with  acid  and  basic  substances.  It  is  very 
likely  that  the  same  mechanism  of  crystal  lattice  infiltration 
takes  place  and  that  the  subsequent  effects  are  due  to  the 
specific  influence  of  acids  and  bases  as  electrophilic  and 
nucleophilic  substances  on  the  potentially  reactable  particles. 

It  would  be  difficult  to  ascertain  which  mechanism  of  acid 
catalysis  applies  in  such  a  complex  mechanism  as  studied 
here,  although  some  clues  may  be  found  in  other  work: 

(331 

According  to  a  series  of  papers  by  Lyons'  '  the  photo¬ 
conductivity  of  various  organic  solids  involves  the  movement 
of  negative  oxygen  ions,  O  or  O^*  «n  the  surface  of  these 
solids.  It  is  conceivable  that  in  the  present  case  the  actual 
material  transport  of  oxygen  also  takes  place  in  the  form  of 
O  or  ions.  If  this  is  the  case,  the  presence  of  Lewis 
acids  may  catalyze  the  oxidation  by  the  formation  o^ inter¬ 
mediates,  e.g. 

+  A  ^  pDVB.yproducta 

The  inhibition  by  basic  (nucleophilic)  substances  does  not 
necessarily  involve  the  converse  of  this  mechanism,  although 
it  is  reasonable  to  assume  that  nucleophilic  substances  would 
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form  an  effective  electroetatic  barrier  to  the  movement  of 
negatively  charged  ione. 

A  further  poaaibility,  the  decompoeition  of  perchlorates 
by  acids  with  the  formation  of  chlorine  peroxide  or  perchloric 
acid,  which  are  more  reactive  than  perchlorates  or  chlorates, 
is  ruled  out  by  the  fact  that  in  the  absence  of  p-DVR,  mixtures 
of  perchlorate  or  chlorate  and  the  acidic  catalysts  were  quite 
stable.  The  formation  of  either  chlorine  peroxide  or  perchloric 
acid  would  necessarily  lead  to  oxygen  and/or  chlorine  evo¬ 
lution  at  the  temperatures  at  which  our  experiments  were 
conducted,  whereas  the  experiments  showed  unequivocally 
that  no  such  decomposition  took  place. 

Inhibition  or  negative  catalysis  is  a  phenomenon  quite 
common  in  reactions  in  solution.  Most  theories  which  were 
advanced  to  explain  it  proceed  on  the  basis  that  the  inhibitor 
intervenes  at  some  stage  in  the  original  course  of  the  reaction, 
i.e. ,  it  traps  one  of  the  necessary  reactive  interniriiuiles, 
making  the  reaction  more  difficult  or  impracticable  From 
the  standpoint  of  the  theory  of  reactions  taking  plat  e  ny  inter 
mediate  stages  it  can  be  assumed  that  some  partirul.tr  hnk  m 
the  reaction,  whether  it  be  a  catalyst,  or  one  of  the  icactants, 
or  an  intermediate,  is  wholly  or  partly  removed  by  the  forntatint. 
of  an  inert  compound'  In  the  case  of  reactions  which  ooriir 
without  the  aid  of  catalysts  the  simplest  assumption  is  'h.it  the 
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reactive  form  or  an  active  intermediate  state  of  one  of  the  re¬ 
actants  or  of  an  intermediate  compound  is  removed  by  the 
negative  catalyst. 

The  solid -solid  reaction  between  pDVB  and  the  oxidant  has 
been  postulated  above  to  occur  between  pDVB  and  molecular  or 
atomic  or  negatively  charged  oxygen,  promoted  by  ion  vacancies 
and  crystal  strains  and  cracks.  The  presence  of  inhibitors  may 
also  influence  the  reaction  deactivation  of  the  reactive  and 
mobile  form  of  oxygen.  Thus  if  a  metal  were  the  added  substance 
it  might  either  strongly  absorb  the  oxygen  on  its  surface  or  form 
a  difficultly  reducible  oxide.  Even  if  higher  oxides  were  formed 
in  some  cases  these  may  still  be  unreactive  enough  to  inhibit  the 
reaction. 

It  is  impossible  to  assign  a  unified  hypothesis  for  catalysis 
and  inhibition  on  the  basis  of  our  experiments.  Rather,  it  is 
probable  that  several  mechanisms  exist,  for  both  catalysis 
and  inhibition,  and  these  may  be  physical  and  chemical  in 
nature  with  various  added  substances.  The  above  mentioned 
generalizations  may  be  valid  for  a  restricted  group  of  cases 
only. 
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EXPERIMENTAL 


(1)  Materials  used: 

The  oxidising  agents  (KClO^,  KClOg,  KBrOg,  KlOg,  KNO^, 

SeO^  and  chloranil)  and  the  various  additives  used  (^20^, 

LiCl,  Cr  O  ,  Al  (SO  )  .  MnO  ,  etc .)  were  of  the  highest  available 
analytical  grades. 

The  organic  substrates  used  were  generally  purified  commer¬ 
cial  compounds  (chrysene,  anthracene,  oxamide,  dicyclohexylamine). 

Cyclohexylcarboxylic  acid  was  prepared  by  Grignard  reaction  of 
(13) 

cyclohexylchloride'  . 

Preparation  of  polymers: 

Poly-divinylbenzene-ithylstipene  copolymer.  ("pDVB"),  was 
prepared  by  polymerization  of  a  commercial  mixture  (Light  &  Co. ) 
consisting  of  about  40%  divinylbenzene  and  60%  ethyl  styrene. 

This  was  heated  with  0.4%  of  benzoylperoxide  for  24  hours  at 
60°C,  for  another  24  hours  at  70°C  and  finally  for  24  hours  at  90^C. 
The  resulting  light  yellow,  brittle  copolymer  decomposed  without 
melting  at  about  450-470^C . 

Cinnamalfluorene  was  polymerized  at  240-250°C  in  a  sealed 
(60  65) 

tube  for  three  days'  *  After  extraction  of  the  benzene- 

soluble  fraction,  the  residue  (10%  yield)  melted  at  360°C. 
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Decacyclene^^^^  was  prepared  from  acenaphttaene;  It 
melted  above  360°C. 

Polymers  were  also  prepared  from  indene,  vinyl  naphtha¬ 
lene  and  from  styrene-DVB  mixtures,  but  were  unsatisfactory 
for  our  purposes. 

(2)  Preparation  of  samples 

The  reactants  and  the  catalysts  were  ground  finely  and 
sieved.  The  material  passing  the  100  mesh  sieve  (U.S.  Stan¬ 
dard  Sieves)  ami  retained  by  the  200  mesh  sieve  was  used  in 
nearly  all  the  experiments.  The  oxidant  and  substrate  in  the 
chosen  ratio  were  thoroughly  mixed  and  then  further  mixed 
with  a  quantity  of  catalyst  in  a  fixed  catalyst  to  oxidauit  ratio. 
Pellets  of  10  mm  diameter  and  weighing  between  15C  and  250 
mg  were  pressed  from  the  slightly  wetted  mixtures  at  6000  lb/ 
sq  in.  The  pellets  were  dried  at  120°  for  about  24  hours. 

cooled  in  a  desiccator,  weighed  and  placed  in  glass  tubes 

-4 

which  were  evacuated  to  approximately  10  mm  and  sealed 
in  situ. 


In  the  preliminary  experiments,  tablets  were  of  a  larger 
sise  (15  mm  diameter.  1  gm  weight)  and  heated  in  tubes  sealed 
at  atmospheric  pressure. 
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The  tablets  were  in  nearly  all  cases  quite  stable  mechanically, 
especially  after  drying. 

(3)  Apparatus 

Pellets  were  pressed  in  a  three-part  steel  die  ff  10  mm 
inside  diameter  under  a  Carver  Laboratory  Press. 

A  mercury  diffusion  pump  was  used  for  evacuation  and  de¬ 
gassing  of  the  samples. 

Reactions  were  carried  out  in  an  electrically  heated  furnace 
regulated  by  a  Fisher  Pyrometer  Controller  to  -5°C.  The  furnace 
had  a  capacity  of  nine  samples  placed  in  nine  holes  drilled  in  a 
circle  in  a  brass  block  which  was  surrounded  by  the  heating  ele¬ 
ment.  The  temperature  variation  between  the  holes  was  less 
than  2°C .  The  glass  tubes  containing  the  samples  were  of 
10. S  nun  inside  diameter  and  about  11  cm  in  length.  These  were 
placed  simultaneously  in  the  furnace  ift  thin-walled  brass  tubes 
with  wire  handles.  The  brass  tubes  were  slightly  larger  than 
the  glass  ampoules  and  slightly  smaller  than  the  furnace  holes. 

A  lid.  Insulated  in  the  same  manner  as  the  furnace,  covered  the 
top  of  the  furnace  and  the  whole  apparatus  was  surrounded  by  a 
metal  shield.  Adequate  safety  precautions  were  observed  through¬ 


out  the  work. 
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Apparatus  tor  determining  ignition  temperatures 

Ignition  temperatures  were  determined  by  dropping  samples 
into  open  pre -heated  test-tubes  in  the  same  furnace  as  described 
above  and  measuring  the  ignition  time  with  a  stopwatch.  The 
samples  were  observed  in  a  conveniently -placed  mirror. 

(4)  Kinetic  runs 

The  pellets  in  the  evacuated  and  sealed  tubes  were  placed 
in  the  pre -heated  furnace  at  the  desired  temperature  of  reaction 
and  removed  after  the  desired  time  interval,  allowed  to  cool, 
opened  and  analysed  to  determine  the  percentage  reaction.  In 
this  way  the  percentage  reaction  of  a  particular  mixture  was 
found  for  various  periods  of  heating,  generally  from  1  to  24 
hours  and  the  nine  results  for  each.run  were  plotted  time  vs. 

%  reaction  (see  Table  24  for  typical  results). 

KClO^  and  KCl6^  oxidations  were  followed  analytically  hy 
the  Volhard  method  of  chloride  analysis.  KBrO^  and  KIO^ 
oxidations  were  analysed  iodometrically  by  determining  the 
amount  of  KBrO^  or  KIO^  in  the  residue. 

Other  experiments  were  carried  out  to  determine  the  de¬ 
composition  of  the  substrate  without  oxidants  or  catalysts,  and 
without  catalysts;  the  decomposition  of  the  oxidant  with  the 


-  86  - 


catalyst  (absence  of  substrate)^  the  analysis  of  the  organic 
products  of  the  catalyzed  oxidation  of  the  substrate:  the  de¬ 
composition  of  the  oxidant  without  catalyst  or  substrate. 

These  experiments  were  carried  out  under  identical  conditions 
in  the  processing  of  the  samples. 

In  the  oxidation  of  polycyclic  compounds  the  organic  products 
were  analysed  spectrophotometrically  and  the  inorganic  ones 
volumetrically  to  see  whether  changes  in  the  organic  substrate 
corresponded  to  changes  in  the  inorganic  or  organic  oxidant. 

(5)  Calculations 

(a)  Kinetics 

The  percentage  of  reaction  was  calculated  from  the  amount 
of  halide  formed  in  the  decomposition  of  the  oxidant.  The  per¬ 
centages  of  reaction  were  plotted  against  time  of  reaction  and 

the  values  of  t  for  percentages  of  reaction  of  5,  10 . 60% 

tabulated.  These  values  of  t  were  used  to  obtain  the  value  of  the 
rate  constant,  k,  from  the  tabulated  values  of  kt  corresponding 
to  the  appropriate  empirical  rate  equation. 

The  dimension  of  the  rate  constant  is  therefore  [time  since 
the  concentration  terms  being  mole  per  mole  are  dimensionless. 
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Values  of  kt  were  calculated  for  empirical  rate  equations 
of  the  general  form: 

dx/dt  ■  k(a-x)/x” 

for  various  values  of  n.  The  above  differential  equation  was 
expanded  into  the  geometrical  series: 

and  integrated  for  various  values  of  n. 

(b)  Activation  Energy 

Activation  energy  was  calculated  from  the  plot  of  vs 
In  k  from  the  Arrhenius  equation: 

In  k  »  In  A  -  E ^ 

which  gives  a  line  of  slope  E^j^  whence  E  can  be  determined. 
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